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ABSTRACT 

The  manufacture  of  thin-gage  superalloy  and  gamma-titanium-aluminide  foil 
products  via  near-conventional  thermomechanical  processing  (TMP)  and  two  different 
vapor-deposition  methods  was  investigated.  TMP  was  based  on  hot-pack  rolling  of  plate 
and  sheet.  Foils  of  the  superalloy  LSHR  and  the  near-gamma  titanium  aluminide  Ti- 
45.5AI-2Cr-2Nb  made  by  this  approach  exhibited  excellent  gage  control  and  fine  two- 
phase  microstructures.  The  vapor-phase  techniques  utilized  magnetron  sputtering  (MS) 
of  a  target  of  the  desired  product  composition  or  electron-beam  physical  vapor 
deposition  (EBPVD)  of  separate  targets  of  the  specific  alloying  elements.  Thin  deposits 
of  LSHR  and  Ti-48AI-2Cr-2Nb  made  by  MS  showed  uniform  thickness/composition  and 
an  ultrafine  microstructure.  However,  systematic  deviations  from  the  specific  target 
composition  were  found.  During  subsequent  heat  treatment,  the  microstructure  of  the 
MS  samples  showed  various  degrees  of  grain  growth  and  coarsening.  Foils  of  Ti-43AI 
and  Ti-51  AI-1 V  fabricated  by  EBPVD  were  fully  dense.  The  microstructures  developed 
during  EBPVD  were  interpreted  in  terms  of  measured  phase  equilibria  and  the 
dependence  of  evaporant  flux  on  temperature. 

Key  Words:  Foil,  thermomechanical  processing,  magnetron  sputtering,  electron-beam 

physical  vapor  deposition,  superalloys,  gamma-titanium-aluminide  alloys. 
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I.  INTRODUCTION 


Honeycomb  and  truss-core  products  made  from  thin-gage  sheet  and  foil  are 
used  for  a  variety  of  applications  requiring  characteristics  such  as  light  weight,  high 
structural  stiffness,  or  low  thermal  conductivity.  Ductile,  low  temperature  metals  such  as 
aluminum  and  low-carbon  steel  are  readily  produced  in  thin  gages  via  ingot-metallurgy 
approaches  consisting  of  successive  hot-  and  cold-working  operations  to  produce 
billet/bloom,  plate,  sheet,  and  foil  with  or  without  intermediate  annealing  steps.  By 
contrast,  the  wrought  manufacture  of  high-temperature,  difficult-to-work  materials  such 
as  nickel-base  superalloys  and  intermetallic  alloys  can  be  substantially  more 
challenging  and  costly  due  to  a  narrow  processing  window,  the  need  for  numerous 
intermediate  anneals  when  using  cold  rolling  to  produce  final  gage,  and  low  product 
yield.  In  extreme  cases,  such  as  the  production  of  intermetallic  gamma-titanium- 
aluminide  foil,  limited  workability  necessitates  that  all  processing  be  done  at  hot-working 
temperatures  via  methods  such  as  hot  pack  rolling  [1,  2],  In  turn,  pack  rolling  of  thin- 
gage  products  introduces  stringent  requirements  related  to  pack  design,  can  materials, 
and  parting  agents,  each  of  which  may  affect  reduction  uniformity,  surface  finish,  and 
thermal  stress  development/fracture  during  cool-down. 

As  an  alternative  to  multi-step  wrought  processing,  vapor-phase  methods  may 
enable  the  direct  production  of  thin-gage  foil.  In  this  regard,  two  methods  are  promising, 
magnetron  sputtering  (MS)  and  electron-beam  physical  vapor  deposition  (EBPVD). 

Magnetron  sputtering  (MS)  yields  relatively  slow  deposition  rates  of  the  order  of 
0.1-5  pm/h.  It  has  been  used  at  a  laboratory  scale  to  make  small  coupons  of  various 

gamma  titanium  aluminide  alloys.  For  example,  Abe,  et  al.  [3],  Banerjee,  et  al.  [4],  and 
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Senkov,  et  al.  [5,  6]  used  magnetron  sputtering  onto  ambient-temperature  silicon  or 
copper  substrates  to  produce  binary  y-TiAl  or  various  quaternary  and  quinary  alloys. 
The  thickest  samples  (albeit  of  small  plan-view  area)  were  made  by  Senkov,  et  al.  who 
produced  free-standing  foil  using  a  polished,  water-cooled  copper  substrate.  In  most 
cases,  the  sputtering  process  led  to  an  essentially  amorphous  deposit,  which  can  be 
ascribed  to  the  use  of  the  low-temperature  substrate  and  hence  the  absence  of 
measurable  diffusion  when  titanium  or  solute  atoms  were  deposited.  The  amorphous 
materials  crystallized  during  post-sputtering  heat  treatment  at  temperatures  of  -800- 
873K  (~525-600°C).  The  phase(s)  formed  during  crystallization  varied  in  the  different 
investigations,  however.  For  example,  Abe,  et  al.  [3]  noted  a  disordered  hep  a  solid 
solution  and  a  new  phase  (s)  with  a  cubic  crystal  structure  in  the  binary  TiAl  alloy.  By 
contrast,  the  results  of  Banerjee,  et  al.  [4]  suggested  that  y-TiAl  can  nucleate  and  grow 
directly  from  the  amorphous  matrix  at  least  for  a  binary  alloy.  During  continuous  heating 
of  Ti-46.5AI-2Nb-1 ,6Cr-0.5W  (a/o),  Senkov,  et  al.  found  that  the  crystallization  sequence 
depended  on  the  heating  rate.  At  low  heating  rates  (<20K/min),  a  metastable  p  phase 
formed  initially  and  subsequently  transformed  into  an  hep  a  structure  which 
decomposed  into  a  mixture  of  y-TiAl  and  a2  at  temperatures  above  -91 3K  (~640°C). 
The  formation  of  the  intermediate  p  phase  was  suppressed  at  higher  heating  rates. 

The  importance  of  processing  method,  substrate  temperature,  and  diffusional 
processes  on  deposit  microstructure,  albeit  for  a  conventional  titanium  alloy,  can  be 
inferred  at  least  qualitatively  from  the  work  of  Warren  and  Wadley  [7],  Although  the 
specific  processing  conditions  were  not  indicated,  fully  dense  foils  of  Ti-6AI-4V  (w/o) 
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measuring  -400  pm  thick  x  100  mm  x  150  mm  were  produced  using  an  argon-plasma 
sputtering  technique  and  a  heated  stainless-steel  substrate.  The  deposition  rate  was 
-50  pm/h,  or  an  order  of  magnitude  faster  than  conventional  magnetron  sputtering;  the 
thermal  expansion  mismatch  between  titanium  and  stainless  steel  led  to  a  release  of  the 
foil  from  the  substrate  during  system  cool-down.  In  the  as-deposited  condition,  the 
material  exhibited  a  grain  size  between  30  and  100  nm  and  a  high  dislocation  density. 
Heating  to  1033K  (760°C)  led  to  the  development  of  a  coarser  microstructure  consisting 
of  500-nm-diameter  alpha  particles. 

Typical  deposition  rates  for  the  EBPVD  process  can  be  substantially  higher 
compared  to  sputtering  techniques.  For  EBPVD,  the  evaporation  rate  in  terms  of  the  flux 
Js  (in  kg/m2s)  at  the  surface  of  the  target  is  given  by  the  Langmuir  equation  [8]: 

Js  =  Xj  P°  r.(  Mi/  2nR  T)1/2 .  (1) 

In  this  relation,  Xj  is  the  mole  fraction  of  solute  i,  p°  is  the  vapor  pressure  of  pure 
element  i  at  (absolute)  temperature  T,  r  is  the  activity  coefficient  of  solute  i  in  the  liquid 

melt,  M,  is  the  molar  mass  of  solute  i  (in  kg/mol),  and  R  is  the  gas  constant.  For  a  target 
comprising  a  pure  element,  Xj  =1  and  Tj  =  1.  The  Langmuir  equation  reveals  that 
temperature  dependence  of  the  evaporation  rate  is  controlled  primarily  by  p°(T).  For 
targets  that  comprise  multi-component  alloys,  preferential  evaporation  of  the  high  vapor- 
pressure  alloying  element(s),  e.g.,  Al  in  a  TiAl  target,  would  be  expected.  Two 
approaches  may  be  used  to  overcome  such  a  difficulty:  (1 )  the  use  of  different  targets  at 
appropriate  (different)  surface  melt  temperatures  or  (2)  the  continuous  feeding  (and 
evaporation)  of  a  bar  with  the  desired  composition  under  a  steady-state  condition  [9], 
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The  prediction  of  deposit  microstructure  during  MS  or  EBPVD  can  be 
approached  either  phenomenologically  or  mechanistically.  The  phenomenological 
approach  comprises  the  correlation  of  structure  with  process  variables  such  as 
substrate  temperature  (MS  or  EBPVD)  and  sputtering-gas  pressure  (MS).  For  example, 
Movchan  and  Demchishin  [10]  and  Thornton  [1 1]  developed  processing  diagrams  which 
describe  the  evolution  of  voided  vs  dense  columnar/equiaxed  crystalline  microstructures 
for  a  variety  of  pure  elements  and  oxides.  Hentzell,  et  al.  [12]  extended  such 
approaches  for  thin  films  (thicknesses  of  the  order  of  100  nm).  Per  Movchan  and 
Demchishin,  the  processing  diagram  for  EBPVD  deposits  can  be  broken  into  three 
zones,  the  extent  of  each  depending  on  deposition-substrate  homologous  temperature, 
T/Tm,  in  which  Tm  is  the  melting/liquidus  temperature.  The  regions  were  denoted  as 
zone  1  (T/Tm  <  0.3,  comprising  a  collection  of  discrete,  tapered  crystallites,  separated  by 
voids,  with  limited  or  no  mechanical  strength  and  whose  width  increases  with  substrate 
temperature),  zone  2  (0.3  <T/Tm  <  0.5,  comprising  columnar  grains  which  still  contain 
some  porosity,  but  which  have  some  strength  and  ductility),  and  zone  3  (T/Tm  >  0.6, 
consisting  of  a  columnar  or  equiaxed  grain  structure,  depending  on  the  specific 
deposited  material,  which  is  fully  dense  and  as  ductile  as  bulk  material  of  the  deposit 
composition).  The  qualitative  difference  in  processing  diagrams  for  thick  sputtered 
deposits  may  be  attributed  to  a  variety  of  factors  such  as  the  kinetic  energy  of  sputtered 
atoms,  the  approach  of  sputtered  atoms  from  several  directions,  the  presence  of 
ambient  gas,  and  bombardment  of  the  substrate  by  the  plasma  [11],  Furthermore,  it  has 
been  found  that  sputtered  deposits  tend  to  form  fiber  textures,  typically  <11 1>  for  fee 
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metals  and  <11 0>  for  bcc  metals,  thus  corresponding  to  close-packed  planes  lying  in 
the  plane  of  the  deposit  [11,  13]. 

From  a  mechanistic  standpoint,  microstructure  evolution  in  vapor  deposits 
depends  on  the  typical  kinetic  factors  of  crystallite  nucleation,  grain-boundary  migration, 
and  possible  recrystallization.  Hence,  boundary  energy  and  mobility  play  key  roles. 
Other  factors,  including  the  incident  coating  flux,  the  coating  atom  adsorption 
probability,  the  density  of  surface  nucleation  sites,  and  the  surface  mobility  of  adsorbed 
atoms,  are  also  important.  These  factors  depend  on  the  substrate  temperature,  coating 
atom  energy  and  angle  of  incidence,  presence  of  foreign  atoms,  etc. 

The  objective  of  the  current  research  was  to  assess  the  feasibility  of  using  MS 
and  EBPVD  to  make  fully  dense,  thin-gage  foil  products  of  several  difficult-to-work 
alloys.  For  this  purpose,  microstructures  developed  during  deposition  and  subsequent 
heat  treatment  of  a  nickel-base  superalloy  and  various  gamma-titanium-aluminide  alloys 
were  evaluated  and  compared  to  baseline  materials  fabricated  by  near-conventional 
wrought  (rolling)  processes. 

II.  MATERIALS  AND  PROCEDURES 

A.  Materials 

The  materials  for  the  present  program  consisted  of  (1)  the  powder-metallurgy 
(PM)  superalloy  LSHR  (“low-solvus,  high  refractory”,  an  alloy  developed  originally  by 
NASA  for  advanced  disk  applications  [14]),  (2)  the  two-phase  (y  +  0C2)  near-gamma 
titanium  aluminide  alloys  Ti-45.1AI-1.9Cr-1.9Nb  and  Ti-48.0AI-1.9Cr-2.1Nb  (atomic 
percent),  (3)  nominally  pure  bars  of  titanium  and  aluminum,  and  (4)  a  Ti-V  master  alloy. 
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The  LSHR  superalloy  was  received  as  a  270-mm  diameter  billet  produced  by 
hot-isostatic  pressing  (HIP)  of  powder  followed  by  hot  extrusion  to  a  6:1  reduction.  Its 
measured  composition  (in  weight  percent)  was  20.4Co,  12.3Cr,  3.5AI,  3.5Ti,  2.7Mo, 
4.3W,  1.5Nb,  1.5Ta,  0.045C,  0.027B,  0.05Zr,  balance  nickel.  Its  gamma-prime  solvus 
temperature,  Ty,  above  which  ordered  (LI  2)  gamma-prime  precipitates  dissolve 
completely  in  the  disordered  (A1)  fee  gamma  matrix,  was  1430K  (1 157°C). 

The  Ti-45.1  AI-1 ,9Cr-1 ,9Nb  material  consisted  of  wrought  1-mm-thick  sheet  made 
by  triple-arc  melting  of  a  200-mm-diameter  ingot,  HIP,  isothermal  forging  of  cylindrical 
sections  to  a  6:1  reduction,  and  conventional  hot  pack  rolling  at  1533K  (1260°C)  to  a  5:1 
reduction  of  square  performs  extracted  from  the  pancake  forgings  [2,  15].  The  alpha- 
transus  temperature  of  this  material,  Ta  ,  above  which  a  +  y  ->  a  (in  which  a  denotes  the 
disordered  (A3)  hep  phase,  and  y  is  the  ordered  (L10)  fet  phase),  was  1573K  (1300°C). 
The  ordering  temperature,  below  which  a  ->  0C2  (the  ordered  D019  hexagonal,  or  Ti3AI, 
phase),  is  1398K  (1125°C).  The  Ti-48.0AI-1 .90-2.1  Nb  alloy  was  received  as  a  200-mm 
diameter  ingot  which  had  been  vacuum-arc  melted  and  HIP’ed,  but  not  wrought 
processed.  Its  alpha-transus  temperature  was  approximately  1643K  (1370°C). 

B.  Experimental  Procedures 

1 .  Foil  rolling 

Samples  of  both  LSHR  and  Ti-45.1  AI-1 ,9Cr-1 ,9Nb  were  hot  pack  rolled  at  the  Air 
Force  Research  Laboratory  using  near-conventional  practices  to  establish 
microstructure  evolution  and  soundness  of  the  finished  product. 
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LSHR  preforms  measuring  63  x  63  x  1 1  mm  were  electric-discharge  machined 
(EDM’ed)  from  the  as-received  extruded  billet  and  encapsulated  in  cans  of  special 
design.  Canned  samples  were  hot-rolled  at  a  speed  of  125  mm/s  on  a  two-high  mill  with 
200-mm  diameter  x  300-mm  wide  rolls.  Rolling  comprised  preheating  (30  minutes)  and 
reheating  (2.5  minutes  between  each  pass)  in  a  furnace  operated  at  1378K  (T/  -  52K, 
or  1 105°C).  The  reduction  per  pass  was  -10  pet.,  and  the  total  thickness  reduction  was 
5.5:1.  Following  rolling,  the  workpiece  was  slow  cooled  in  vermiculite  and  decanned.  A 
section  measuring  63  x  63  x  2.0  mm  was  EDM’ed  from  the  rolled  sheet,  re-canned,  hot 
rolled  to  foil  with  a  thickness  of  0.30  mm,  and  decanned  using  procedures  similar  to  that 
employed  for  the  prior  sheet-rolling  operation.  Microstructures  were  determined  using 
standard  metallographic  techniques  for  the  as-rolled  products  as  well  as  following  a  final 
one-hour  heat  treatment  at  973,  1173,  1373,  or  1473K  (700,  900,  1100,  or  1200°C); 
heat  treatment  was  done  on  small  samples  encapsuled  in  quartz  tubes  which  were 
evacuated  and  backfilled  with  argon.  Backscattered  electron  (BSE)  imaging  was 
performed  in  a  scanning  electron  microscope  (SEM)  equipped  with  a  field-emission  gun 
(FEG),  viz.,  Sirion  or  Quanta  600F,  both  manufactured  by  FEI,  Hillsboro,  OR. 

Foil  processing  of  Ti-45.1AI-1.9Cr-1.9Nb  was  conducted  in  a  similar  fashion 
using  the  same  equipment  [2],  Specifically,  performs  measuring  75  x  75  x  0.8  mm  were 
first  annealed  at  1523K  (Ta  -  50K,  or  1250°C)  for  2  h  to  spheroidize  remnant  lamellar 
colonies.  They  were  then  canned  and  rolled  at  125  mm/s  using  a  furnace 
preheat/reheat  temperature  of  1533K  (1260°C)  and  reduction  per  pass  of  12  pet.  to  a 
final  foil  thickness  of  -0.2  mm.  Microstructures  were  determined  in  the  as-rolled 

condition  as  well  as  after  a  two-hour  heat  treatment  at  1523K  (1250°C). 
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2.  Magnetron  sputtering 

The  microstructures  developed  using  the  baseline  wrought  process  were 
compared  to  those  developed  in  thin  samples  of  LSHR  and  Ti-48.0AI-1.9Cr-2.1Nb 
produced  by  unbalanced  magnetron  sputtering  at  the  Pacific  Northwest  National 
Laboratory  of  the  US  Department  of  Energy.  For  each  material,  a  75  x  150  x  7.5  mm 
sputtering  target  was  EDM’ed  from  the  billet/ingot,  stress  relieved,  finish  ground,  brazed 
onto  an  oxygen-free  high-conductivity  copper  backing  plate,  and  attached  to  an 
Angstrom  Sciences  Onyx  306  cathode.  The  cathode  was  mounted  in  a  vacuum 
chamber  having  a  stainless-steel  shutter  which  enabled  cleaning  the  surface  of  the 
sputtering  target  prior  to  initiating  deposition  (Figure  la).  Deposition  substrates  of  nickel 
alloy  400  (with  a  nominal  composition  in  weight  percent  of  31  Cu,  2.5Fe  max,  2.0  Mn 
max,  0.5  Si  max,  0.3C  max,  balance  nickel)  were  mounted  on  a  rotatable  heated  holder 
which  could  be  positioned  over  the  ion  source  for  substrate  cleaning  or  over  the  cathode 
for  deposition.  A  masked  glass/sapphire  witness  sample  was  included  on  the  substrate 
holder  for  each  trial  to  obtain  a  step  height  measurement  of  the  deposit  thickness. 

Each  deposition  trial  was  initiated  by  evacuating  the  chamber  to  a  pressure  of  6  x 
10-7  Torr  or  better,  introduction  of  the  sputtering  gas,  and  ion  cleaning  of  the  substrate 
by  positioning  it  over  the  ion  gun  for  10  min.  Sputtering  was  then  performed  in  the  DC 
mode  using  a  current  setting  of  1  A  and  voltages  ranging  from  -350  to  600V.  To  obtain 
deposits  with  the  highest  possible  integrity  (i.e.,  minimum  porosity),  all  experiments 
reported  here  utilized  the  maximum  substrate-holder  heater  temperature  (i.e.,  973K,  or 
700°C).  Furthermore,  a  substrate-deposit  parting  agent  was  not  used  to  order  to 

facilitate  handling  and  metallography  of  the  finished  product.  The  principal  process 
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parameters  investigated  were  the  target-substrate  gap  distance,  the  sputtering  gas,  gas 
pressure,  and  sputtering  time/deposit  thickness  (Table  I).  The  gap  was  varied  between 
75  mm  (lower  values  tending  to  bring  the  substrate  holder  into  the  plasma  confined  at 
the  cathode  surface)  and  125  mm  (higher  values  leading  to  undesirably  low  deposition 
rates).  The  sputtering  gas  was  argon,  xenon,  or  krypton.  Deposit  thicknesses  were 
between  5  and  50  pm. 

As  for  the  baseline  wrought  materials,  the  microstructures  developed  in  the  as- 
deposited  condition  or  after  identical  heat  treatments  were  determined  via  BSE  imaging 
in  a  FEG-SEM. 

3.  Electron-beam  physical  vapor  deposition 

The  third  technique  investigated  to  establish  the  broad  feasibility  of 
manufacturing  thin-gage  products  was  electron-beam  physical  vapor  deposition 
(EBPVD).  These  trials  focused  on  the  fabrication  of  free-standing  foils  of  the  two-phase 
(y  +  a2)  alloy  Ti-43AI  and  the  single-phase  (y)  alloy  Ti-51  AI-1 V  (atomic  percent),  and 
were  conducted  at  the  E.O.  Paton  Electric  Welding  Institute  in  Kiev,  Ukraine. 

The  EBPVD  set-up  (Figure  1b)  consisted  of  targets  of  pure  Ti,  pure  Al,  and  Ti-V 

master  alloy  (used  in  various  combinations),  deposition  substrates,  and  (not  shown)  the 

electron-beam  (EB)  guns  used  to  melt/evaporate  the  targets.  Because  of  the  variation  of 

evaporant  flux  with  distance  from  the  target,  a  partition  (also  shown  in  Figure  1b)  was 

used  in  the  system  to  “shadow”  the  vapor  flow  and  thus  enhance  the  ability  to  obtain 

uniform  thickness  and  composition  in  deposits  measuring  150  x  200  mm  in  plan  area 

and  -150  pm  in  thickness.  Field  in  water-cooled  crucibles,  the  targets  were  located  300- 

mm  under  the  substrates  and  were  heated  to  pre-determined  temperatures  to  control 
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the  desired  flux  of  each  alloying  element  and  hence  the  composition  of  the  deposit.  The 
substrates  were  a  high-temperature  alloy  steel.  They  were  heated  to  a  temperature 
between  1123  and  1173K  (850  and  900°C)  using  auxiliary  EB  guns  and  rotated  at  30 
rpm.  Prior  to  deposition,  a  thin  layer  (~2-3  pm)  of  calcium  fluoride,  which  served  as  a 
parting  agent,  was  evaporated  onto  the  substrates.  Because  of  the  large  variation  in  the 
coefficient  of  thermal  expansion  of  the  foil  deposit  and  the  parting  agent,  the  former 
separated  readily  during  cooling  following  processing. 

The  microstructures  of  the  EBPVD  foils  in  the  as-deposited  condition  or  following 
a  2  h  heat  treatment  at  1273K  (1000°C)  or  1423K  (1150°C)  were  determined  via  BSE 
imaging  in  the  FEG-SEM.  Heat  treatments  for  longer  times  or  higher  temperatures  led 
to  an  extremely  coarse  microstructure  or  cavitation  within  the  foil. 

III.  RESULTS  AND  DISCUSSION 

The  principal  results  from  this  investigation  comprised  observations  and 
interpretations  of  foil  integrity,  composition,  microstructure,  and  (in  selected  instances) 
crystallographic  texture.  To  elucidate  the  effect  of  processing  method  on  such  factors, 
the  results  for  the  PM  superalloy  LSHR  and  the  gamma  titanium  aluminide  alloys  are 
presented  and  discussed  separately. 

A.  LSHR 

1 .  Wrought  LSHR 

Sheet  and  foil  of  the  PM  superalloy  LSHR  were  readily  produced  by  near- 
conventional  hot  pack  rolling  (Figure  2).  In  the  as-rolled  condition,  the  only  defects 
comprised  limited  edge  cracking  in  the  foil  product  (Figure  2b).  The  microstructures 


following  rolling  were  somewhat  finer  (average  grain  size  ~  1-2  pm)  compared  to  that  in 
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the  preform  material  preheated  at  the  rolling  temperature  (average  grain  size  ~  2.5  pm) 
(Figure  3).  However,  the  as-rolled  microstructures  for  both  the  sheet  and  foil  (Figures 
3b,  c)  were  only  partially  recrystallized.  The  lack  of  recrystallization  can  be  attributed  to 
the  high  volume  fraction  of  gamma-prime  precipitate  at  the  rolling  temperature  (i.e.,  ~20 
pet.  at  1378K,  or  1 105°C)  and  thus  the  pinning  effect  of  second-phase  particles. 

Heat  treatment  following  rolling  of  the  LSHR  foil  gave  rise  to  varying  degrees  of 
recrystallization  and  grain  growth  (Figure  4).  After  heat  treatment  at  either  973  or  1 173K 
(700  or  900°C),  the  gamma  grains  appeared  to  have  undergone  little  recrystallization 
and  to  have  retained  a  moderate  degree  of  elongation  parallel  to  the  rolling  direction 
(Figures  4a,  b).  The  (gray)  gamma-prime  particles,  comprising  ~50  pet.  of  the 
microstructure  at  these  temperatures,  were  similarly  elongated  and  unspheroidized.  By 
contrast,  heat  treatment  at  the  higher  temperature  of  1373K  (1100°C,  ~  the  rolling 
temperature)  led  to  partial  gamma-grain  recrystallization  and  partial  spheroidization  of 
the  gamma-prime  particles  (Figure  4c).  The  complete  dissolution  of  the  gamma-prime 
pinning  phase  at  1473K  (Ty-  +47K,  or  1200°C)  resulted  in  full  recrystallization  and  a 
noticeable  amount  of  microstructural  coarsening,  thus  yielding  an  average  grain  size  of 
~15  pm  (Figure  4d).  Limited  solely  by  the  presence  of  somewhat  randomly-distributed 
carbides  and  borides  (white  particles  in  BSE  images),  this  grain  size  was  comparable  to 
that  observed  previously  for  unrolled  material  heat  treated  at  supersolvus  temperatures 
[16].  The  samples  heat  treated  at  the  higher  temperatures  also  showed  a  few  isolated 
pores  whose  source  is  most  likely  residual  argon  gas  from  the  powder  atomization 
process. 
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2.  Magnetron-sputtered  LSHR 

Thin  LSHR  samples  fabricated  by  magnetron  sputtering  showed  excellent 
thickness  uniformity  (Figure  5a),  an  absence  of  porosity,  uniform  composition,  and  fine 
microstructure.  Furthermore,  all  of  the  LSHR  deposits  were  completely  bonded  to  the 
substrate  (Figure  5a).  The  latter  observations  can  be  attributed  to  the  absence  of  a 
parting  agent  and  the  similarity  of  the  coefficients  of  thermal  expansion  of  LSHR  and  the 
nickel  alloy  400  substrate  material,  which  would  minimize  differential  contraction  during 
cooling  from  973K  (700°C)  following  sputtering. 

The  uniformity  of  composition,  as  determined  by  wavelength  dispersive 

spectroscopy  (WDS),  is  illustrated  in  Figure  6  for  sample  1-D-S,  whose  processing 

parameters  are  summarized  in  Table  I.  The  longer-wavelength  variations  in  the 

composition  of  each  alloying  element  were  typically  of  the  order  of  ±0.1  weight  percent, 

or  values  of  the  same  order  of  magnitude  as  the  errors  in  the  experimental 

measurements  themselves;  the  superimposed  variations  of  shorter  wavelength  (~2-4 

pm)  may  be  due  to  slight  non-uniformity  in  the  local  volume  fractions  of  gamma  and 

gamma  prime.  Despite  the  relatively  good  chemical  uniformity,  there  were  systematic 

differences  between  the  deposit  and  target  compositions  per  se  (Table  II).  Deviations 

from  the  target  composition  tended  to  be  on  the  low  side  for  aluminum,  tantalum,  and 

tungsten  and  on  the  high  side  for  chromium  and  cobalt.  The  use  of  krypton  or  xenon 

sputtering  gas  (instead  of  argon)  and  a  small  cathode-substrate  gap  tended  to  reduce 

the  aluminum  deficiency  substantially  and  the  chromium  excess  partially  (samples  1-1- 

M,  1-J-M,  and  1-L-M  in  Tables  I  and  II).  However,  these  same  process  modifications 

tended  to  increase  the  negative  deviations  for  the  two  heaviest  alloying  elements  in 
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LSHR,  i.e.,  tantalum  and  tungsten.  Despite  these  differences,  the  reproducibility  of  the 
results  suggests  that  a  modified  target  composition  can  give  a  desired  final  product 
composition. 

Magnetron  sputtering  produced  crystalline  deposits  of  LSHR  as  indicated  by 
typical  111  and  100  fee  peaks  in  x-ray-diffraction  data  (not  shown).  The  microstructure 
was  extremely  fine,  consisting  of  grains  elongated  in  the  normal/deposition  direction 
with  an  aspect  ratio  of  ~5:1  (Figure  5b).  The  observed  fully-dense  structure  of  columnar- 
like  grains  can  be  rationalized  on  the  basis  of  sputter-processing  diagrams  [11]  which 
indicate  such  microstructures  for  TSUbstrate/Tm  ~  0.6  and  gas  pressures  of  ~1-  3  mTorr, 
i.e.,  the  conditions  used  in  the  present  work.  A  relatively  weak  fiber-like  texture  (~2  x 
random)  with  <11 1>  poles  parallel  to  the  sheet-normal  (deposition)  direction  was  found 
by  electron  backscatter  diffraction  (EBSD)  analysis  (Figures  7a,  b);  this  texture  is  similar 
to  that  observed  in  the  past  for  magnetron  sputtered  fee  metals  of  comparable  thickness 
[11].  Similar  textures  were  also  observed  in  samples  that  were  heat  treated  at  various 
temperatures  following  deposition  (Figures  7c-f). 

The  effect  of  post-sputtering  heat-treatment  temperature  on  the  deposit 
microstructure  (Figure  8)  was  qualitatively  similar  to  that  observed  for  rolled  LSHR  foil 
described  in  Section  III.A.1.  For  example,  after  a  1  h  heat  treatment  at  973  or  1173K 
(700  or  900°C)  (Figures  8a,  b),  the  microstructure  was  essentially  unchanged,  as  was 
found  for  the  rolled  foil  heat-treated  at  these  temperatures  (Figures  3c  and  4a,  b).  The 
grains  were  still  very  fine  and  elongated  as  in  the  as-deposited  condition  (Figure  5b). 
After  heat  treatment  at  1373K  (1100°C)  for  1  h,  the  structure  appeared  to  be  partially 


spheroidized  with  a  mixture  of  equiaxed  and  elongated  gamma  grains  (Figure  8c).  The 
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grain  boundaries  were  pinned  by  carbide/boride  particles  (imaging  white  in  Figure  8c). 
The  very  fine  gamma-prime  precipitates  likely  produced  during  magnetron  sputtering 
appeared  not  to  have  coarsened  enough  to  be  resolved  by  SEM  BSE,  but  likely  played 
a  role  in  pinning  of  the  grain  boundaries  at  1 373K  (1 1 00°C)  as  well. 

After  heat  treatment  of  the  magnetron-sputtered  LSHR  above  the  gamma-prime 
solvus,  i.e.  at  1473K  (1200°C),  the  grain  structure  was  mostly  equiaxed  with  a  few 
remnant  elongated  grains  (Figures  8  d,  e).  The  grain  size  was  ~5  pm,  which  was 
smaller  than  that  produced  during  the  identical  supersolvus  heat  treatment  of  rolled 
LSHR  foil,  i.e.,  -15  pm  (Figure  4d).  Two  factors  appear  to  have  contributed  to  the  finer 
grain  size  in  the  magnetron-sputtered  material.  First,  the  carbide/boride  particles  were 
nucleated  and  hence  located  preferentially  at  the  grain  boundaries  in  the  sputtered 
material,  unlike  the  more  random  particle  arrangement  in  the  corresponding  foil  product. 
Second,  because  the  sputtered  deposit  was  very  thin  (50  pm),  a  large  fraction  of  the 
grains  had  boundaries  adjacent  to  the  free  surface  or  the  deposition  substrate  (Figure 
8e).  The  free  surface  would  have  provided  a  pinning  force  [17],  and  reaction  with  the 
substrate  could  have  limited  the  diffusional  processes  that  control  grain  growth. 

B.  Gamma  Titanium-Aluminide  Alloys 

The  results  for  the  various  near-gamma  (y  +  0,2)  and  single-phase  y  titanium 
aluminide  alloys  are  discussed  in  the  context  of  the  phase  equilibria  summarized  in 
Figure  9.  All  compositions  cited  below  are  in  atomic  percent. 

1.  Wrought  Ti-45.5AI-2Cr-2Nb 

Rolled  foil  of  the  two-phase  (y  +  0,2)  Ti-45.5AI-2Cr-2Nb  alloy  (Figure  10a) 


exhibited  good  gage  control  and  fine  microstructure.  The  final  thickness  of  the  various 
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foils  was  in  the  range  of  200-250  pm.  Furthermore,  the  thickness  of  a  given  foil  was 
fairly  uniform  with  a  maximum  variation  of  approximately  ±15  pm  relative  to  the  mean 
(Figure  10b). 

The  as-rolled  microstructures  (Figures  10b,  c)  were  typical  of  those  for  y  +  0,2 
near-gamma  titanium-aluminide  alloys.  They  comprised  fine  primary  y  particles  (darker 
phase  in  BSE  images)  in  a  matrix  of  fine  y  +  0,2  lamellae;  at  the  rolling  temperature,  the 
matrix  was  single-phase  (disordered)  a  (Figure  9a).  Because  the  material  contains  two 
phases  whose  volume  fractions  are  comparable  to  each  other,  possible  variations  in  the 
overall  composition  of  the  rolled  products  could  not  be  readily  ascertained  via  WDS. 
However,  the  similarity  of  the  volume  fractions  of  the  primary  y  and  matrix  phases  at  all 
locations  served  as  an  indirect  indicator  of  the  good  composition  uniformity.  In  this 
regard,  reference  to  the  pseudo-binary  phase  diagram  for  Ti-xAI-2Cr-2Nb  (Figure  9a) 
reveals  that  a  one  atomic  percent  variation  in  aluminum  would  give  rise  to  a  20  pet. 
variation  in  the  volume  fraction  of  y  particles  at  1533K  (1260°C). 

The  microstructure  of  the  rolled  foil  following  a  2  h  heat  treatment  at  1523K 
(1250°C)  was  also  relatively  fine  and  uniform  (Figure  lOd).  Heat  treatment  tended  to 
fully  spheroidize  those  y  particles  which  had  exhibited  a  small  amount  of  elongation.  The 
larger  012  grains  (light  grains  in  BSE  images)  appeared  featureless.  This  appearance 
was  due  to  the  rapid  cooling  rate  experienced  by  very  thin  foil  samples  when  extracted 
from  the  heat-treatment  furnace  and  allowed  to  air  cool.  Such  rapid  cooling  rates  would 
suppress  the  decomposition  of  the  high-temperature  a  phase  and  result  in  a  matrix  of  0,2 
grains  or  very  fine  y  +  0,2  lamellae  which  could  not  be  resolved  in  SEM  images.  In 
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contrast,  the  slow  cooling  imparted  to  prevent  thermal  shock  following  rolling  of  large 
canned  samples  allowed  ample  time  for  the  a  ->  y  +  0,2  reaction  within  the  matrix  to 
form  the  observed  lamellar  microstructures  seen  in  Figures  10b,  c. 

2.  Magnetron-sputtered  Ti-48AI-2Cr-2Nb 

Metallographic  examination  of  magnetron-sputtered  gamma  titanium-aluminide 
samples  indicated  that  uniform  composition  could  be  obtained,  but  microstructure 
control  may  require  a  somewhat  higher  substrate  temperature  than  was  possible  with 
the  present  equipment. 

WDS  composition  traverses  parallel  and  perpendicular  to  the  deposition  direction 
revealed  uniform  composition  with  little  scatter.  However,  there  was  a  measurable 
dependence  of  composition  on  the  specific  set  of  processing  parameters.  The  most 
noticeable  variation  was  the  aluminum  content  which  was  close  to  that  of  the  target  for 
sample  y-G,  but  approximately  2  atomic  percent  higher  in  samples  y-J  and  y-K  (Table 
III).  Both  of  the  latter  two  samples  had  been  fabricated  using  krypton  sputtering  gas 
rather  than  argon  which  was  utilized  for  the  other  two  specimens  (Table  I).  The  WDS 
results  also  indicated  small  variations  in  chromium  and  niobium  composition  relative  to 
that  of  the  target,  the  former  being  slightly  higher  and  the  latter  slightly  lower.  These 
deviations  were  systematic  and  could  thus  be  readily  be  corrected  by  choice  of  a  target 
with  slightly  different  chemistry. 

The  microstructures  of  the  as-sputtered  materials  were  similar  to  each  other 
(Figure  1 1).  Each  comprised  fibrous/columnar  grains  with  very  thin  gaps  between  them. 
The  length  of  the  gaps  tended  to  be  less  in  samples  y-J  and  y-K  produced  with  the 


(heavier)  Xe  gas,  an  observation  analogous  to  previous  findings  for  magnetron- 
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sputtered  tantalum  [20],  The  present  microstructures  can  be  rationalized  on  the  basis  of 
magnetron-sputtering  processing  maps  [11],  Such  phenomenological  correlations 
suggest  that  processing  conditions  comprising  a  sputtering  gas  pressure  of  ~3  mTorr 
and  Tsubstrate/Tm  =  0.55  =(973/1773),  as  used  in  the  present  work,  lie  very  close  to  the 
boundary  between  microstructures  consisting  of  densely  packed  fibrous  grains  and  fully 
dense  columnar  grains  extending  through  the  thickness  of  the  deposit. 

The  microstructure  of  magnetron-sputtered  samples  of  the  y-TiAl  underwent 
noticeable  changes  during  subsequent  heat  treatment  (Figure  12).  During  heat 
treatment  at  1273K  (1000°C),  the  fine,  lenticular  porosity  between  the  fibrous  grains 
was  eliminated  or  coalesced  into  pores  with  a  diameter  of  ~  1  pm  (Figures  12a,  b).  The 
microstructures  following  heat  treatment  at  this  temperature  also  mirrored  the  small 
difference  in  aluminum  content  among  the  various  samples.  Specifically,  sample  y-G 
(with  48.5  a/o  Al)  showed  a  two-phase  phase  (y  +  0,2)  microstructure,  whereas  samples 
y-H,  J,  K  (with  49.5-50.5  a/o  Al)  comprised  single-phase  y  grains.  These  observations 
are  in  agreement  with  trends  suggested  by  the  binary  Ti-AI  phase  diagram  (Figure  9b). 

The  bottom  35-50  pet.  of  each  sample  heat  treated  at  1273K  (1000°C)  also 
revealed  evidence  of  reaction  with  the  nickel  alloy  400  substrate  (e.g.,  Figure  12).  The 
reaction  was  confirmed  by  WDS  which  showed  substantial  diffusion  of  copper  and 
nickel  from  the  substrate  into  the  deposit.  Heat  treatment  at  1423K  (1 150°C)  essentially 
destroyed  the  entire  layer  of  y  +  0,2  or  y  due  to  what  appeared  to  be  the  formation  of  a 
Ti-Ni-X-type  eutectic  between  alloying  elements  in  the  deposit  and  the  substrate.  These 
results  strongly  suggest  the  need  to  develop  a  parting  agent  which  is  suitable  for 
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separating  the  foil  from  the  substrate  immediately  following  fabrication,  thereby  avoiding 
chemical  interactions  during  final  heat  treatment. 

3.  EBPVD  single-phase-gamma  titanium-aluminide  foils 

Large-plan-area  foils  (-150  mm  x  200  mm)  of  the  single-phase  gamma  and  near¬ 
gamma  titanium-aluminide  alloys  (e.g.,  Figure  13)  were  free  of  porosity,  but  showed  a 
thickness  variation  of  ~±10  pet.  relative  to  the  average.  Moreover,  following  the  initial 
set-up  trials,  it  was  determined  that  the  maximum  peak-to-peak  variation  in  aluminum 
content  across  the  thickness  of  a  given  foil  could  be  reliably  controlled  to  -2  to  4  atomic 
percent. 

Optical  micrographs  for  the  nominally  single-phase  alloy  Ti-51  AI-1 V  showed 
some  non-uniformity  in  microstructure  (Figure  14a).  It  consisted  of  separate  regions  of 
equiaxed  y  grains  and  what  appeared  to  be  a  lamellar  phase.  Several  possible  sources 
may  be  hypothesized  to  explain  this  observation  -  composition  variations  or  an  effect 
associated  with  the  specific  processing  parameters.  With  regard  to  the  first  possibility, 
aluminum  variations  across  the  thickness  of  this  foil  in  the  as-fabricated  condition  were 
approximately  2  atomic  percent,  i.e. ,  from  -50  to  52  atomic  percent  (Figure  15a). 
Assuming  a  minimal  effect  of  small  levels  of  vanadium  on  phase  equilibria,,  the  Ti-AI 
phase  diagram  (Figure  9b)  suggests  that  such  variations  would  be  insufficient  to  change 
the  microstructure  from  one  which  is  single-phase  y  to  one  which  is  two-phase  (y  +  012)  . 
This  conclusion  was  supported  by  BSE  images  (not  shown)  which  indicated  that  the 
microstructure  was  indeed  single-phase  y. 

Concerning  the  second  possibility,  the  ratio  of  the  temperature  of  the  deposition 

substrate  (-1 123-1 173K,  or  ~850-900°C)  to  the  liquidus  temperature  of  Ti-51  Al 
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(-1743K,  or  1470°C)  would  yield  a  value  of  T/Tm  of  approximately  0.65.  The  EBPVD 
processing  diagrams  for  various  materials  [10]  indicate  a  transition  at  T/Tm  at  ~0.6  from 
a  so-called  zone  2  microstructure  (columnar  grains  which  still  contain  some  porosity)  to 
a  zone  3  microstructure  (a  fully  dense  material  with  columnar  or  equiaxed  grains).  The 
observation  of  the  mixed  microstructure  in  the  present  work  may  thus  be  inferred  to 
have  resulted  from  processing  conditions  lying  close  to  the  transition  region.  More 
specifically,  such  temperatures  lie  in  a  regime  in  which  bulk  diffusion  and 
recrystallization  begin  to  become  likely.  Such  phenomena  would  be  more  likely  for  the 
bottom  regions  of  the  foil  (i.e.,  those  deposited  first  during  the  multi-hour  process  used 
in  the  present  work)  and  less  likely  for  the  layers  deposited  last.  As  a  result,  the  bottom 
layers  of  the  foil  would  be  expected  to  comprise  equiaxed  grains  and  the  upper  layers 
would  be  columnar  in  nature,  as  was  observed  (Figure  14a). 

Because  EBPVD  occurred  close  to  conditions  which  typically  give  rise  to 
microstructural  transitions,  a  small  variation  in  substrate  temperature  during  processing 
could  also  have  contributed  to  the  microstructural  heterogeneity  noted  in  the  as- 
deposited  condition. 

Following  heat  treatment  at  1273K  (1000°C),  the  microstructure  of  the  Ti-51  AI-1V 
EBPVD  foil  was  fully  equiaxed  (Figure  14b),  comprising  coarse  or  fine  y  grains  in  the 
regions  that  had  been  either  lamellar  or  equiaxed,  respectively,  in  the  as-deposited 
condition.  Heat  treatment  at  1423K  (1150°C)  produced  a  much  coarser  structure  of 
equiaxed  y  grains,  although  differences  in  grain  size  on  the  two  sides  of  the  foil  were  still 
noticed  (Figure  14c).  The  2  h  heat  treatment  at  the  higher  temperature  also  tended  to 

reduce  the  composition  variation  slightly  (Figures  15a  vs  15b). 
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Process  controls  required  to  minimize  composition  variations  during  EBPVD  of 

gamma  titanium-aluminide  foil  products  from  individual  elemental  targets  was  evaluated 

using  the  Langmuir  equation  (Equation  (1 ))  for  the  specific  case  of  evaporation  of  a  pure 

element  as  a  function  of  temperature,  i.e., 

J  =  P0  (M /  2nR  T)1/2  .  (2) 

Here,  M  denotes  the  molar  mass  (in  kg/mol),  T  is  the  absolute  temperature,  R  is  the  gas 

constant,  and  P0  is  the  vapor  pressure  of  the  element  as  a  function  of  temperature  per 

the  Clausius-Clapeyron  equation,  i.e., 

P0  [Pa]  =  133  io(-a/t+B)Tc  (3) 

in  which  A,  B,  and  C  are  material  constants.  For  liquid  Al,  A  =  16379,  B  =  9.98,  and  C  = 

-0.335;  for  liquid  Ti,  A  =  22946,  B  =  10.58  and  C  =  -0.373  [21], 

The  effect  of  small  variations  in  EBPVD  target/melt-pool  temperature  on  the  flux 

J  can  be  readily  quantified  by  examining  the  variational  form  of  Equation  (1 )  after  taking 

the  common  logarithm  of  both  sides  and  noting  that  log10X  =  (1/2.303)  lneX: 

(5J)/J  =  [(5T )/T]  x  [(2.303A/T)  +  C  -  0.5],  (4) 

As  an  example,  the  evaporation  of  separate  titanium  and  aluminum  targets  to  produce 

the  equiatomic  (Ti-50AI)  composition  is  considered;  in  weight  percent,  this  composition 

corresponds  to  Ti-36AI.  Thus  the  fluxes  (in  kg/m2s)  should  be  in  the  ratio  of  JaF Jti  = 

36:64.  If  the  aluminum  target  is  maintained  at  nominally  1500K  (1227°C),  the  titanium 

target  should  be  heated  to  -2055K  (1782°C)  to  obtain  the  appropriate  flux  ratio.  Using 

Equation  (4),  a  3K  (3C°)  variation  in  target/melt-pool  temperature  during  evaporation 

would  give  a  fractional  variation  in  flux  of  ~5  percent  for  aluminum  at  1500K  (1227°C) 

and  ~4  percent  for  Ti  at  2055K  (1782°C),  thus  producing  variations  of  the  order  of  2  - 
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2.5  atomic  percent  for  each  alloying  element.  The  present  results  suggest  that  the 
temperature  transients  may  indeed  have  been  of  this  order  for  the  fabrication  of  the  Ti- 
51AI-1 V  foil.  For  other  single-phase  gamma  titanium-aluminide  alloys,  such  temperature 
variations  may  be  acceptable  unless  one  target  experiences  a  hotter  temperature  of  this 
magnitude  and  the  other  a  slightly  cooler  temperature. 

4.  EBPVD  near-gamma  titanium-aluminide  foils 

Optical  and  SEM  backscatter-electron  photographs  of  the  microstructures 
developed  in  foil  of  the  two-phase  (y  +  0,2)  titanium  aluminide  alloy  Ti-43AI  highlighted 
challenges  when  composition  is  not  carefully  controlled  within  a  narrow  range  for 
materials  of  this  type.  In  particular,  the  optical  microstructure  (Figure  16a)  was 
noticeably  finer  than  in  the  wrought  product  (Figure  10c)  except  for  a  band  of  coarse 
grains  near  the  midplane  of  the  foil.  During  subsequent  heat  treatment,  both  the  fine 
and  coarse-grain  regions  underwent  some  growth  (Figures  16b,  c).  The  extent  of 
microstructure  coarsening  was  either  somewhat  limited  or  quite  noticeable  during  heat 
treatment  at  1273K  (1000°C)  or  1423K  (1 150°C),  respectively. 

The  source  of  non-uniform  microstructure  in  the  Ti-43AI  foils  was  deduced  from 
BSE  micrographs  (Figure  16d,  e,  f)  in  which  the  darker  phase  is  y  and  the  lighter  phase 
is  0,2 .  These  micrographs  revealed  that  the  volume  fractions  of  y  and  0,2  were  not  totally 
uniform  and  that  bands  of  coarser  y  grains  were  produced  in  areas  with  lower  amounts 
of  0,2 .  A  general  coarsening  of  both  phases  during  heat  treatment  following  EBPVD  was 
also  revealed  by  the  BSE  micrographs. 

The  magnitude  of  the  composition  transients  during  processing  that  would  give 


rise  to  the  microstructure  observations  for  the  EBPVD  Ti-43AI  samples  was  ascertained 
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by  reference  to  the  Ti-AI  phase  diagram  (Figure  9b).  Under  equilibrium  conditions,  the 
7:0,2  phase  ratio  at  1273K  (1000°C)  would  be  -50:50  forTi-43AI.  On  the  other  hand,  this 
ratio  would  be  -25:75  for  Ti-40AI  or  75:25  for  Ti-46AI.  Hence,  the  relative  narrow  a.2  + 
y  phase  field  for  two-phase  near-gamma  titanium  aluminide  alloys  mandates  close 
control  of  the  flux  of  the  constituent  alloying  elements  during  EBPVD. 

IV.  SUMMARY  AND  CONCLUSIONS 

Microstructure  evolution  and  composition  control  during  magnetron  sputtering 
(MS)  and  electron-beam  physical  vapor  deposition  (EBPVD)  of  thin-gage  materials  were 
established  for  several  superalloy  and  gamma  titanium  aluminide  alloys.  Based  on  this 
research,  the  following  conclusions  have  been  drawn: 

1.  Although  (baseline)  wrought  processing  of  foil  by  hot  pack  rolling  is  costly, 
such  near-conventional  methods  produce  uniform,  fine  microstructures  with  good 
control  of  gage. 

2.  MS  gives  rise  to  very  fine,  uniform  microstructures  in  multi-component 
superalloys  such  as  LSHR  in  both  the  as-fabricated  and  deposited-and-heat-treated 
conditions.  The  microstructures  developed  in  LSHR  by  this  means  are  finer  than  those 
in  the  wrought  baseline  material.  Systematic  differences  in  composition  between  the 
target  and  deposit  can  be  mitigated  through  selection  of  specific  target  composition, 
sputtering  gas,  and  sputtering  variables. 

3.  MS  can  also  be  used  to  obtain  desired,  uniform  composition  in  thin-gage 
gamma-titanium-aluminide  products  through  proper  specification  of  target  composition. 
However,  a  relatively  high  deposition  substrate  temperature  and  a  suitable  parting  agent 
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must  be  utilized  to  control  microstructure  and  avoid  contamination  during  final  heat 
treatment. 

4.  EBPVD  offers  significant  potential  for  economic  production  of  large-plan-area 

foils  of  single-  and  two-phase  gamma  titanium  aluminide  alloys  with  a  microstructural 

scale  comparable  to  or  significantly  finer  than  in  the  corresponding  wrought  material. 

However,  EBPVD  processing  using  elemental  materials  to  make  multi-component  alloys 

in  this  class  requires  very  close  control  of  target  temperatures  and  evaporant  fluxes. 
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Table  I.  Process  Parameters  for  Magnetron-Sputtering  Trials 


Material 

ID 

Gap 

(mm) 

Gas 

Pressure 

(mTorr) 

LSHR 

1-D-S 

105 

Ar 

3 

LSHR 

1-A-M 

75 

Ar 

3 

LSHR 

1-D-M 

125 

Ar 

3 

LSHR 

1-E-M 

125 

Ar 

2.1 

LSHR 

1-F-M 

105 

Ar 

2.2 

LSHR 

1-l-M 

75 

Kr 

2.4 

LSHR 

1-J-M 

75 

Xe 

2.5 

LSHR 

1-L-M 

75 

Xe 

1 

y-G 

75 

Ar 

5 

TiAl* 

y-H 

75 

Ar 

2.7 

TiAl* 

y-J 

75 

Kr 

2.6 

TiAl* 

y-K 

75 

Kr 

1.6 

*  TiAl  =  Ti-48.0AI-1 .90-2.1  Nb 


Table  II.  WDS  Composition  Measurements  (Weight  Percent) 
for  Magnetron-Sputtered  LSHR  Samples 


ID 

Al 

Ti 

Cr 

Co 

Nb 

Mo 

Ta 

W 

Ni 

1-D-S 

2.57 

3.29 

14.6 

23.3 

1.41 

2.89 

1.35 

4.02 

Bal. 

1-A-M 

2.52 

3.30 

13.8 

22.7 

1.38 

2.77 

1.29 

3.98 

Bal. 

1-D-M 

2.57 

3.28 

14.4 

23.0 

1.38 

2.82 

1.26 

3.92 

Bal. 

1-E-M 

2.51 

3.25 

14.5 

23.1 

1.4 

2.86 

1.27 

3.97 

Bal. 

1-F-M 

2.44 

3.28 

14.2 

22.8 

1.4 

2.86 

1.36 

4.03 

Bal. 

1-l-M 

3.15 

3.30 

13.4 

22.5 

1.34 

2.67 

1.23 

3.6 

Bal. 

1-J-M 

3.28 

3.28 

13.5 

22.4 

1.39 

2.77 

1.3 

3.78 

Bal. 

1-L-M 

3.2 

3.26 

13.9 

22.7 

1.37 

2.74 

1.27 

3.65 

Bal. 

Target 

3.42 

3.50 

12.6 

21.3 

1.48 

2.69 

1.54 

4.32 

Bal. 

Target* 

3.49 

3.48 

12.3 

20.4 

1.51 

2.72 

1.59 

4.24 

Bal. 

*  Mill  certification/wet  chemical  analysis 
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Table  III.  WDS  Composition  Measurements  (Atomic  Percent) 
for  As-Magnetron-Sputtered  Gamma  Titanium  Aluminide  Samples 


ID 

Al 

Cr 

Nb 

Ti 

y-G 

48.5±0.17 

2.28±0.02 

1.62±0.03 

Bal. 

y-H 

49.4±0.17 

2.27±0.02 

1.57±0.03 

Bal. 

y-J 

50.4±0.20 

2.27±0.02 

1.45±0.03 

Bal. 

y-K 

50.3±0.1 1 

2.28±0.01 

1.46±0.02 

Bal. 

Target* 

48.0 

1.90 

2.10 

Bal. 

*  Mill  certification/wet  chemical  analysis 
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Figure  Captions 


Figure  1 .  Illustrations  of  equipment  used  in  the  present  investigation  for  (a)  magnetron 
sputtering  and  (b)  electron-beam  physical  vapor  deposition  (EBPVD). 

Figure  2.  Macrographs  of  LSHR  produced  by  near-conventional  hot  pack  rolling:  (a) 
Sheet  and  (b)  foil. 

Figure  3.  BSE  images  of  the  grain  structures  developed  in  LSHR  during  processing  at 
1378K  (T/  -52K,  or  1 105°C):  (a)  Undeformed/heat  treated  alone,  (b)  as-rolled 
sheet,  and  (c)  as-rolled  foil.  The  small  particles  within  the  gamma  grains  in 
(a)  are  gamma-prime  precipitates.  The  rolling  direction  is  horizontal  and  the 
normal  direction  is  vertical  in  (b)  and  (c). 

Figure  4.  BSE  images  of  the  grain  structures  developed  in  LSHR  foil  during  post-rolling 
heat  treatment  for  1  h  at  (a)  973K  (700°C),  (b)  1173K  (900°C),  (c)  1373K 
(1100°C),  or  (d)  1473K  (1200°C).  The  gray  particles  in  (a)-(c)  are  gamma 
prime;  the  white  particles  are  carbides  and  borides. 

Figure  5.  BSE  images  of  as-deposited  magnetron-sputtered  LSHR  sample  1-D-S 
(Table  I)  photographed  at  (a)  low  or  (b)  high  magnification. 

Figure  6.  Composition  profiles  taken  across  magnetron-sputtered  LSHR  sample  1-D- 
S. 

Figure  7.  EBSD  data  for  magnetron-sputtered  LSHR  sample  1-D-S:  (a)  Normal- 
deposition-)  direction  inverse-pole-figure  map  and  (b)  111  pole  figure  for  as- 
deposited  condition,  and  111  pole  figures  after  a  1  h  heat  treatment  at  (c) 
973K  (700°C),  (d)  1173K  (900°C),  (e)  1373K  (1100°C),  or  (f)  1473K 

(1200°C).  The  center  of  each  pole  figure  corresponds  to  the  normal  direction. 
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Figure  8.  BSE  images  of  the  microstructures  developed  in  magnetron-sputtered  LSHR 
sample  1-D-S  during  heat  treatment  for  1  h  at  (a)  973K  (700°C),  (b)  1173K 
(900°C),  (c)  1373K  (1 100°C),  or  (d,  e)  1473K  (1200°C). 

Figure  9.  Phase  equilibria  of  importance  for  titanium-aluminide  program  alloys:  (a) 
Partial  pseudo-binary  phase  diagram  for  Ti-xAI-2Cr-2Nb  [18]  and  (b)  binary 
phase  diagram  forTi-AI  [19], 

Figure  10.  Rolled  foil  of  Ti-45.5AI-2Cr-2Nb  (atomic  percent):  (a)  Macrograph  of  de- 
canned  foil,  (b,  c)  BSE  micrographs  of  as-rolled  foil  at  two  different 
magnifications,  and  (d)  BSE  micrograph  of  rolled  foil  after  a  2  h  heat 
treatment  at  1523K  (1250°C).  In  (b,  c,  d),  the  rolling  direction  is  horizontal 
and  thickness  direction  vertical.  The  white  layer  on  the  top  and  bottom 
surfaces  of  the  foil  in  (b)  is  nickel  plating. 

Figure  1 1 .  BSE  images  of  as-deposited  magnetron-sputtered  samples  of  Ti-48AI-1 ,9Cr- 
2.1Nb:  (a,  b)  y-G,  (c)y-H,  and  (d)y-K.  The  processing  conditions  are  given  in 
Table  I. 

Figure  12.  BSE  images  of  the  microstructures  developed  during  heat  treatment  at 
1273K  (1000°C)  in  magnetron-sputtered  TiAl  samples  (a)  y-G  and  (b)  y-K. 
(Note  that  the  deposit  in  (a)  separated  from  its  substrate  during  cool-down 
following  heat  treatment.) 

Figure  13.  Macrograph  of  as-fabricated  150-pm  thick  EBPVD  foil  of  Ti-51  AI-1 V  (atomic 
percent). 
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Figure  14.  Polarized  light  optical  photographs  of  the  microstructure  in  EBPVD  foils  of  Ti- 
51AI-1V  (atomic  percent)  in  (a)  the  as-fabricated  condition  or  following  a  2  h 
heat  treatment  at  (b)  1273K  (1000°C)  or  (c)  1423K  (1 150°C). 

Figure  15.  Aluminum  composition  profiles  taken  across  EBPVD  foil  samples  of  Ti-51  Al- 
IV  (atomic  percent)  in  (a)  the  as-fabricated  condition  or  (b)  following  a 
subsequent  2  h  heat  treatment  at  1423K  (1 150°C). 

Figure  16.  Microstructures  in  EBPVD  foil  of  Ti-43AI  (atomic  percent)  in  (a,  d)  the  as- 
deposited  condition  or  following  a  following  a  2  h  heat  treatment  at  (b,  e) 
1273K  (1000°C)  or  (c,  f)  1423K  (1150°C);  (a,  b,  c)  polarized  light,  optical- 
microscopy  images  or  (d,  e,  f)  backscatter-electron  images. 
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Figure  1.  Illustrations  of  equipment  used  in  the  present  investigation  for  (a)  magnetron 
sputtering  and  (b)  electron-beam  physical  vapor  deposition  (EBPVD). 
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Figure  2.  Macrographs  of  LSHR  produced  by  near-conventional  hot  pack  rolling:  (a) 
Sheet  and  (b)  foil. 
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Figure  3.  BSE  images  of  the  grain  structures  developed  in  LSHR  during  processing  at 
1378K  (Tr’  -52K,  or  1105°C):  (a)  Undeformed/heat  treated  alone,  (b)  as-rolled 
sheet,  and  (c)  as-rolled  foil.  The  small  particles  within  the  gamma  grains  in 
(a)  are  gamma-prime  precipitates.  The  rolling  direction  is  horizontal  and  the 
normal  direction  is  vertical  in  (b)  and  (c). 
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Figure  4.  BSE  images  of  the  grain  structures  developed  in  LSHR  foil  during  post-rolling 
heat  treatment  for  1  h  at  (a)  973K  (700°C),  (b)  1173K  (900°C),  (c)  1373K 
(1100°C),  or  (d)  1473K  (1200°C).  The  gray  particles  in  (a)-(c)  are  gamma 
prime;  the  white  particles  are  carbides  and  borides. 
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Figure  5.  BSE  images  of  as-deposited  magnetron-sputtered  LSHR  sample  1-D-S 
(Table  I)  photographed  at  (a)  low  or  (b)  high  magnification. 
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re  6.  Composition  profiles  taken  across  magnetron-sputtered  LSHR  sample  1-D- 
S. 
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Figure  7.  EBSD  data  for  magnetron-sputtered  LSHR  sample  1-D-S:  (a)  Normal- 
deposition-)  direction  inverse-pole-figure  map  and  (b)  111  pole  figure  for  as- 
deposited  condition,  and  111  pole  figures  after  a  1  h  heat  treatment  at  (c) 
973K  (700°C),  (d)  1173K  (900°C),  (e)  1373K  (1100°C),  or  (f)  1473K 
(1200°C).  The  center  of  each  pole  figure  corresponds  to  the  normal  direction. 
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Figure  8.  BSE  images  of  the  microstructures  developed  in  magnetron-sputtered  LSHR 
sample  1-D-S  during  heat  treatment  for  1  h  at  (a)  973K  (700°C),  (b)  1173K 
(900°C),  (c)  1373K  (1 100°C),  or  (d,  e)  1473K  (1200°C). 
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Figure  9.  Phase  equilibria  of  importance  for  titanium-aluminide  program  alloys:  (a) 
Partial  pseudo-binary  phase  diagram  for  Ti-xAI-2Cr-2Nb  [18]  and  (b)  binary 
phase  diagram  for  Ti-AI  [19], 
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Figure  10.  Rolled  foil  of  Ti-45.5AI-2Cr-2Nb  (atomic  percent):  (a)  Macrograph  of  de- 
canned  foil,  (b,  c)  BSE  micrographs  of  as-rolled  foil  at  two  different 
magnifications,  and  (d)  BSE  micrograph  of  rolled  foil  after  a  2  h  heat 
treatment  at  1523K  (1250°C).  In  (b,  c,  d),  the  rolling  direction  is  horizontal 
and  thickness  direction  vertical.  The  white  layer  on  the  top  and  bottom 
surfaces  of  the  foil  in  (b)  is  nickel  plating. 
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Figure  1 1 .  BSE  images  of  as-deposited  magnetron-sputtered  samples  of  Ti-48AI-1 ,9Cr- 
2.1  Nb:  (a,  b)  y-G,  (c)y-H,  and  (d)  y-K.  The  processing  conditions  are  given  in 
Table  I. 
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Figure  12.  BSE  images  of  the  microstructures  developed  during  heat  treatment  at 
1273K  (1000°C)  in  magnetron-sputtered  TiAl  samples  (a)  y-G  and  (b)  y-K. 
(Note  that  the  deposit  in  (a)  separated  from  its  substrate  during  cool-down 
following  heat  treatment.) 
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Figure  13.  Macrograph  of  as-fabricated  150-pm  thick  EBPVD  foil  of  Ti-51  AI-1 V  (atomic 
percent). 
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Figure  14.  Polarized  light  optical  photographs  of  the  microstructure  in  EBPVD  foils  of  Ti- 
51AI-1V  (atomic  percent)  in  (a)  the  as-fabricated  condition  or  following  a  2  h 
heat  treatment  at  (b)  1273K  (1000°C)  or  (c)  1423K  (1 150°C). 
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Figure  15.  Aluminum  composition  profiles  taken  across  EBPVD  foil  samples  of  Ti-51  Al- 
IV  (atomic  percent)  in  (a)  the  as-fabricated  condition  or  (b)  following  a 
subsequent  2  h  heat  treatment  at  1423K  (1 150°C). 
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Figure  16.  Microstructures  in  EBPVD  foil  of  Ti-43AI  (atomic  percent)  in  (a,  d)  the  as- 
deposited  condition  or  following  a  following  a  2  h  heat  treatment  at  (b,  e) 
1273K  (1000°C)  or  (c,  f)  1423K  (1150°C);  (a,  b,  c)  polarized  light,  optical- 
microscopy  images  or  (d,  e,  f)  backscatter-electron  images. 
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